Introduction
The most challenging task when designing a complex engineering system is that of coming up with an appropriate system 'structure'. This task calls extensively upon the engineer's ingenuity, creativity, intuition and experience. After a structure has been (maybe temporarily) selected, it remains to determine the 'best' value of a number of 'design parameters'. The engineer's input is still essential here, as multiple tradeoffs are bound to appear. However, except in the simplest cases, achieving anything close to optimal would be impossible without the support of numerical optimization. Providig such support while emphasizing tradeoff exploration through man-machine interaction is the purpose of interactive optimization-based design packges such as CONSOLE.
Design problems typically involve several competing objectives. Also, while some design specifications must be met imperatively, others are amenable to tradeoffs. Another typical aspect of optimization problems arising in design is that it is generally impossible or at least impractical for the designer to exactly characterize at the outset what he means by an optimal design. Rather, a congenial environment would allow him to refine his characterization of optimality when a suboptimal design is approached.* A design methodology was recently developed, based on these considerations 12] . This methodology plays a central role in CONSOLE .
A designer using an optimization-based CAD package typically goes through two phases while designing a system. In the first phase, he formulates the problem; some time is spent checking and debugging this problem formulation. In the second phase the solution to the problem is sought. The first phase is very comparable to writing a classic C or FORTRAN program and debugging it. During the second phase the user-package interaction is more thorough and qualitatively different, typically involving graphics. Accordingly, CONSOLE is composed of two main programs: CONVERT and SOLVE. Figure 1 illustrates the structure of CONSOLE. The Problem DescTription File is the input to CONVERT, which checks the description for all possible syntax errors and some logic errors and then generates two files. One of these files is a data file which contains, among other things, the names of design parameters and specifications, as well as good and bad values or curves to be used for tradeoff exploration (see below). The other file is an object file. It contains a compiled version of the various specifica-* In the words of MacFarlane et al. [11, "feedback is critically important in progressively stripping away the uncertainty in the original design specification." USER OPTIMAL SOLUTION Figure 1 : Structure of the CONSOLE CAD tandem tions (objectives, functional objectives, constraints and functional constraimts). Both of these files are input to SOLVE, together with any object files required by a simulator (or simulators) the user wishes to use. SOLVE then iterates together with the user to obtain a solution with maximum or sufficient satisfaction.
The range of problems that can be solved efficiently using a CAD tool depends very much on the ability of this tool to be interfaced with user-supplied simulators. For instance, when designing a control system one makes use of the characteristics of the plant, and therefore a model of the plant under study has to be made available to the CAD tool. CONSOLE allows for an easy interfacing of almost any simulator the user has available. CONSOLE borrows many ideas from previously developed optimization-based CAD packages. In particular, the problem description language and the interactive command language are strongly inspired from those of DELIGHT.SPICE [3] and DELIGHT.MaryLin [4] (see also [5, 6] ).
The balance of this paper is organized as follows.
Section 2 introduces the design methodology used in CONSOLE. In Section 3 the operation of CONSOLE is demonstrated by means of an example. Other applications are mentioned in Section 4. Plans for future enhancement of CONSOLE are outlined in Section 5. For a more detailed description of CONSOLE and demonstration of its use the reader is referred to the User's Manual [7] .
Design Methodology
In an attempt to better represent real world design problems, the methodology proposed in [2] Typically most of the optimization run and user interaction (see below) will take place in phase 2 or 3.
To keep the exposition simple, we have so far left out the question of functional specifications, i.e., functional objectives and functional constraints. These are specifications according to which some quantity which depend on some free parameter (e.g., time or frequency) must be made small or large for all values of this parameter. Such are, e.g., specifications on some time or frequency response of a dynamical system. Sirmilar to orditnary (non-functional) specifications, these can be objectives, hard constraints or soft constraints. They are normalized using user specified good and bad curves (i.e., fuictions of the free parameter), according to the formula (w represents the free parameter) a modification of any design parameter by an amount equal to its nominal variation should influence the most binding objectives and constraints to roughly the same degree. Admittedly, this rule is impractical. Thus it is suggested to choose as nominal variation the difference (in absolute value) between the initial guess and the next value the designer would try if he had to proceed 'by hand'. The nominal variations are used for the initial scaling of the parameter space according to the formula scaledvalue = raw-alue nominalvariation Thus the penalty for an improper choice of the nominal variation is slower convergence of the optimization process. If no nominal variation is provided, the default value of 1 (no scaling) will be used.
Interactive Solution
When dealing with a nontrivial problem, it cannot be hoped that the set of good and bad values and curves provided by the designer will be such that the optimal solution obtained by the optimization process (be it in phase 2 or in phase 3) is closest to the designer's aspirations. Thus typically the designer will want to interactively modify some of the good and bad values or curves, either to make them more realistic in view of the lirnitations just encountered, or to either tighten or relax one specification or another in order to alter the tradeoff solution. Such interaction is an essential component of the methodology of [2] (see also [8I) . As an aid to tradeoff exploration, information concerning the performance of the current design is conveyed to the designer in numerical and graphical form (Pcomb [21). 3 . Design of a Copolymerization Reactor Controller
In this section we demonstrate the operation of CONSOLE by means of an example: the optimal selection of the temperature and feed flow rate profiles in a copolymerization reactor. We divide the discussion into three parts. First we give some details on the reactor. Then we discuss the problem description. Finally, we demonstrate how SOLVE can be used on this problem. For a detailed discussion, the reader is referred to [9] . 3.1. The copolymerization reactor Polymerization is a group of chemical chain reactions that links a large number (more than a thousand) of 'monomer' molecules together. The product, called polymer, can consist of long strings, entangled in each other, but can also be branched or even have a three dimensional structure. Copolymerization is polymerization using two different monomers at the same time. The group of materials popularly identified as plastics mainly consists of polymers and copolymers with a carbon skeleton. Plastics show a vast variety of physical properties (strength, color, elasticity, etc.). The giant polymer molecule structure and the location of the chemically active groups on this molecule determine the properties of the product.
It is important for the product to have the correct properties. Products that are even only slightly off-spec will be refused by the clients and are absolutely worthless. Therefore designing a control strategy to achieve the appropriate properties is necessary. In this example the objective of obtaining a certain molecular copolymer structure will be simplified to that of obtaining a certain molecular weight and a given ratio of both monomers in the product. The molecular weight is a measure of the average number of monomer molecules chained together in each copoly-mer molecule. The ratio of both monomers in the product is often referred to as the copolymer composition. The manipulated variables are the feed fiowrate and the reactor temperature which are both functions of time. The selection of a suitable profile for those quantities will be performed using C ONSOLE based on a certain model of the reactor in the form of a simulator: copoly. The Every call to the simulator copoly will be made through an interface routine 'interface'. This routine has many input arguments (among which the design parameters) and many output arguments (simulation outputs).
As the calling sequence is practically identical for many specifications, the following define will be used.
There will be two design objectives, both functional: the maximum (over time) square deviation from the desired molecular weight and the maxmum (over te) square deviation from the desired composition should both be made as small as possible. The Coupling CONSOLE with a simulator typically requires one or more interface routines. Clearly, these interface routines should not be problem dependent, but merely simulator dependent. They may have to be quite sophisticated. This is so, among other instances, when the simulator itself is interactive, or when the simulator needs to be initialized or reset at appropriate times. Also, it is often convenient that values of design parameters be passed automatically to the simulator whenever they are modified. CONSOLE includes an interfacimg scheme that makes such tasks relatively stralghtforward. For our purpose, the simulator copoly can be viewed as 'uinsophisticated'. Thus the interface used here acts as a mere buffer, avoiding redundant calls to copoly. where the Qi's are suitably selected, and we used the xi's are design parameters.
5. Future Enhancements CONSOLE was developed within a time span of a few months only. While it has been used on many different types of design problems and has given very satisfactory results, there is room for improvement, both in aspects of the user interface and in computational aspects. Here we mention enhancements that are currently being implemented or are planned for the near future.
In the current version, interaction is essentially alphanumerical or pseudo-graphical (Pcomb). A fully graphical Pcomb display, similar to the one suggested in [2] and already available in DELIGHT.MaryLin [4] and DELIGHT.SPICE 13) is currently being implemented.
The CONSOLE implementation will take full advantage of a window type environment. Also being implemented is the Ecomb display [8J, a display that provides information on the sensitivity of the overall design to changes in good and bad values of the various specifications. Development of tools for graphical input (e.g., to modify a good/bad curve) is being undertaken. The optimization algorithm in SOLVE must satisfy specific requirements such as those of accommodating multiple objectives, constructing successive iterates that all satisfy the hard constraints and handling functional constraints. While the current version makes use of a first order feasible direction algonrthm with fixed discretization, we have recently put much effort into the de, velopment of faster algorithms addressing these requirements (e.g., 117,181). New features include quasi-Newton schemes and dynamic discretization of functional specifications. Implementation of these ideas in CONSOLE is underway. Also, possible schemes are being investigated for taki advantage of the possible capability of simulators to efficiently compute gradients (currently; gradients are approximated by finite differences). One such scheme has been proposed by Nye [19] .
